RESEARCH

F rogeye leaf spot (FLS) of soybean [Glycine max
Merr.] is a common disease of soybean in many countries of the world (Grau et al., 2004) . It was fi rst reported on soybean in Japan in 1915 and in the United States in 1924 (Melchers, 1925) . Symptoms of FLS develop primarily on foliage of soybean even though seeds, pods, and stems can also become infected (Phillips, 1999) . The seedlings from infected seeds may have lesions on the cotyledons (Sherwin and Kreitlow, 1952) . Spores produced on infected cotyledons and infected residue from previous soybean crops may infect young leaves (Grau et al., 2004) but there are no data supporting this claim. The relative contribution of spores from cotyledon lesions compared to spores originating from crop residue for infection of young leaves is not known. Lesions do not appear on leaves for nearly 7 to 14 d after infection of the host tissue, so they are not visually observed on young expanding leaves (Phillips, 1999) .
The impact of FLS on soybean yield is mainly due to reduction in photosynthetic leaf area by necrotic lesions and/or premature defoliation (Akem and Dashiell, 1994 Hara, has been a problem in the southern United States for many years. Cultivars resistant to FLS have been developed for planting in this area, and resistance in many of these cultivars is conditioned by the Rcs3 allele at the Rcs3 locus, which provides immunity to all known races of the pathogen. Frogeye leaf spot has recently become a greater problem in the northern United States, and few C. sojina resistant cultivars and breeding lines adapted to this area have been identifi ed. The objectives of this study were to (i) identify maturity group (MG) 00 to VII accessions resistant to C. sojina race 11 by fi eld screening at multiple locations over years and (ii) determine if FLS resistance in these accessions is likely to be conditioned by the Rcs3 allele. A total of 522 accessions were evaluated for reaction to race 11 in fi eld trials in Missouri and Illinois during 2006 and 2007 , and 84 of these lines did not develop symptoms of FLS and were fi eld screened for reaction to natural inoculum in Tennessee during 2008. Nine accessions of the 84 lines were susceptible.
The remaining 75 were subsequently tested for the possible presence of Rcs3 using fi ve molecular markers located within 2 cM of the gene. Of these 75 accessions, only PI 437726, PI 438302B, and PI 494851 had the Rcs3 haplotype of the cultivar Davis, the source of Rcs3. The soybean accessions predicted not to have the Rcs3 allele and with no FLS symptoms in fi eld trials may also be useful in developing soybean cultivars with resistance to FLS.
reductions of 10 to 60% due to FLS have been reported (Mian et al., 1998) . Frogeye leaf spot has also suppressed yield in the warm and humid environments of the southern United States, and it recently has suppressed yields in Iowa (Yang et al., 2001) and Wisconsin (Mengistu et al., 2002) . The reason for changes in incidence and severity of FLS in some northern states is not clear but may be due to recent changes in the environment and increased usage of no-till cultivation (Wrather and Koenning, 2006) and may also be due to changes in the pathogen. Frogeye leaf spot may be partially managed by planting disease-free seeds, treatment of seeds with a fungicide before planting (Phillips, 1999) , crop rotation, treatment of R2 to R5 growth stage soybean foliage with fungicides, and planting resistant cultivars, if available. Three single genes conditioning resistance to Cercospora sojina are currently recognized by the Soybean Genetics Committee (Palmer, et al., 2004) . Rcs1 in 'Lincoln' was the fi rst gene identifi ed, and it conditioned resistance to race 1 of C. sojina (Athow and Probst, 1952) . Rcs2 in 'Kent' conditioned resistance to race 2 (Athow et al., 1962) , and Rcs3 in 'Davis' conditioned resistance to race 5 and to all other known races of C. sojina in the United States (Phillips and Boerma, 1982) as well as to all isolates from Brazil (Yorinori, 1992) . Other dominant genes for resistance to race 5 were found in 'Ransom', 'Stonewall', and 'Lee' in 1993 , and each of these genes was nonallelic to Rcs3 and to each other (Pace et al., 1993) . Baker et al. (1999) identifi ed another single dominant gene reported as nonallelic to Rcs3 from the cultivar Peking that provided resistance against many isolates of C. sojina.
A simple sequence repeat (SSR) marker, Satt244, on linkage group J (chromosome 16) of the soybean genetic map was reported to be within 1 cM of the Rcs3 allele (Mian et al., 1999) . This SSR marker has been successfully used for marker-assisted selection (MAS) of this allele (Missaoui et al., 2007a) . Recently, several single nucleotide polymorphism (SNP) and indel markers that are located within 3 cM of the Rcs3 allele have been identifi ed, confi rmed, and used for MAS for Rcs3 (Missaoui et al., 2007b) . Marker-assisted selection with SNP markers is most eff ective if several SNPs that are evenly spaced and closely linked to the gene of interest are used to defi ne a haplotype of the genomic region fl anking the gene ( Johnson et al., 2001 ). Molecular markers for Rcs1 and Rcs2 have not been reported.
Many maturity group (MG) V to VIII FLS-resistant cultivars have been developed for planting in the southern United States, and resistance in some of those cultivars is conditioned by Rcs3 (Mian et al., 2008b) . In contrast, few C. sojina-resistant cultivars and breeding lines adapted to the north central production region have been identifi ed (Mian et al., 2009) . The objectives of this study were to (i) identify MG 00 to VII accessions resistant to C. sojina race 11 by fi eld screening at multiple locations over years and (ii) determine if FLS resistance in these accessions is likely to be conditioned by the Rcs3 allele. to VII although nearly 90% of the lines were in MGs II, III, and IV. A total of 522 soybean accessions (including 10 diff erentials) were tested for their reaction to C. sojina race 11 at these Missouri and Illinois locations. Of the 512 accessions evaluated (excluding the 10 diff erentials), over half of the lines tested were from MG III. Twelve of these were the 'Williams' or 'Wayne' isolines with resistance allele to Phytophthora sojae races at the Rps1, RPs2, RPs3, and RPs7 (Schmitthenner, 1999) . Two hundred thirty-nine of these accessions were selected from either wet or dry areas of Asia. There were 162 accessions selected from provinces in South Korea (Jeonllanam-do, Jeonllabuk-do, Chungcheongnam-do, Chungcheongbuk-do, Gangwon-do, Gyeonggi-do, Gyeongsangnam-do, Hamgyongbuk-do, Pyongannam-do, Pyonganbuk-do, and Gyeongsangbuk-do), North Korea, China (Anhui, Fujian, Guangdong, Hunan, Jiangsu, Sichuanm, and Zhejiang), and Japan (Akita, Hokkaido, Kanto, Kinki, Kyushu, Okinawa, Shikoku, and Tohoku) that were considered to have higher average rainfall, and 77 selected from provinces or regions in China (Beijing, Gansu, Nei Monggol, Ningxia, Shaanxi, Shanxi, and Xinjiang) with lower average rainfall. China and Japan were considered to have generally wet climates based on averaged rainfall. Another 147 accessions were selected for high seed yield, diversity of origin, and diff erences among phenotypic descriptors obtained from the USDA Soybean Germplasm Collection (USDA, 2010). One hundred fourteen accessions resistant to soybean cyst nematode (Heterodera glycines Ichinohe) were included in this test to evaluate for FLS resistance, and the remaining 10 accessions were the standard FLS diff erentials used as controls (Table 1 ). These were: Kent, 'Blackhawk', Peking, Davis, S-100, 'CNS', 'Tracy', 'Palmetto', Lincoln, and 'Richland' (Mian et al., 2008b) . Those accessions without symptoms were fi eld screened for reaction to natural inoculum of C. sojina in Tennessee in 2008.
MATERIALS AND METHODS
Field Screening
We screened accessions in the fi eld because of limited greenhouse space. Before planting each year, the fi eld was disked twice and 75-to 96-cm row beds were formed. The top 10 cm of the beds were pushed off just before planting to form a fl at-top ridge. The herbicides imazaquin (0.02 kg a.i. ha the V6 stage of soybean growth (Fehr et al., 1971) . Plots were cultivated once and hand weeded each year as necessary. Plots were irrigated by overhead sprinklers. The tests in Missouri and Illinois were rotated with corn (Zea mays L.) to minimize the presence of natural inoculum. The test site in Tennessee had been planted to soybean for several years. Accessions and differentials were planted in a randomized complete block design with two replications at each test site each year.
Evaluation of Genotype Reaction to Cercospora sojina
Accessions tested at the Missouri and Illinois locations were inoculated with the same isolate of C. sojina race 11 (Mian et al., 2008b) . This single spore isolate was initially collected from a lesion in a fi eld. The susceptible soybean cultivar (Asgrow 4403) was planted around the whole experiment for use as an indicator of natural inoculum. Plants with only Rcs1 are susceptible to race 11, but Rcs2, Rcs3, and the undefi ned single dominant gene in Peking condition resistance to race 11 (Mian et al., 2008b) . This isolate was cultured on Emerson medium (Tuite, 1969) at 25°C on a laboratory bench for 7 d. The culture was then fl ooded with sterile deionized water, and the culture surface was rubbed manually to dislodge conidia. The conidia suspension was fi ltered through cheese cloth, the concentration was adjusted to 1 × 10 5 conidia ml -1
, and Tween 20, a viscous liquid (Sigma Aldrich, St. Louis, MO), was mixed with the suspension (0.003 v/v). Before inoculation, 42-d-old plants were sprinkle irrigated for 30 min at 2000 hr, and the plants in each hill were then sprayed with approximately 30 mL of inoculum using a pump-up sprayer. The growth stage of plants varied from V8 to R1 when inoculated. One half of the border row planted with Asgrow 4403 around the experimental area was also inoculated, while the other half was left uninoculated. Genotype reaction to C. sojina was evaluated 14 d after inoculation using a 0 to 9 scale developed by the Southern Soybean Disease Workers (Wallace, 1979) in which 0 = no disease and 9 = 90% of leaf area diseased (Sinclair, 1982) . All leaves on each plant in a hill were examined for lesions, and an average rating for all plants was recorded. All accessions without symptoms 14 d after inoculation were further evaluated for reaction to C. sojina at 21 and 28 d after inoculation to verify that plants were without symptoms. Symptoms were not observed during subsequent evaluations. Accessions without symptoms in all replications, locations, and years were considered resistant to C. sojina race 11. Haplotypes around the Rcs3 locus were determined for only those accessions without symptoms at all locations and years.
Field Screening Analysis
Genotype reactions to FLS were subjected to an appropriate ANOVA performed using the SAS General Linear Mixed Model Procedure and PROC MIX (SAS Institute, 1999) , and the mean comparisons were made using Fisher's least signifi cance test for mean comparison (p = 0.05) (Little and Hills, 1978) .
Prediction for the Presence of Rcs3 Allele using Molecular Markers
Accessions resistant to C. sojina race 11 in the fi eld were tested for likelihood of carrying the Rcs3 allele. For each genotype, young expanding leaf tissue from 10 random seedlings was collected, bulked, immediately frozen in liquid nitrogen, and lyophilized in a freeze drier. The dry tissue was ground to a fi ne powder and DNA was extracted using a hexadecyltrimethylammonium bromide (CTAB) extraction method (Saghai Maroof et al., 1984) . Three SNPs (CC957AG730, AQ455GA396, and AQ166AG280), one indel (AZ573CA150), and one SSR (Satt244) marker that fl ank the Rcs3 allele and are located within 2 cM of the gene (Missaoui et al., 2007a ) were used to screen 75 soybean accessions that were resistant to FLS in the fi eld (Mian et al., 2009 ). Two accessions known to contain the Rcs3 allele (Davis and 'Wright'-Rcs3) and three non-Rcs3 accessions (Lee, Blackhawk, and Wright) as well as other FLS diff erentials were included as checks. The SNP detection was conducted using the Allele Specifi c Primer Extension (ASPE) assay (Lee et al., 2004) . The polymerase chain reaction (PCR) product for the markers AZ573CA150 (indel) and Satt244 were labeled using the M13-tailed primer PCR method (Mian et al., 2008a; Oetting et al., 1995) . The M13 oligonucleotide was labeled with one of the three WellRED fl uorescent dyes D2, D3, and D4 (Beckman Coulter, Fullerton, CA). Fragment analysis and allele calling was done using the CEQ 8800 genetic analysis system software (Beckman Coulter).
RESULTS
Field Screening
There were no signifi cant diff erences in reaction of accessions to C. sojina race 11 among locations (F 0.05 = 0.1481 ) and no signifi cant diff erences in reaction of accessions to C. sojina race 11 between years when locations were combined (F 0.05 = 0.4853 ), so data for years and locations were combined for analysis. The reaction to C. sojina race 11 ranged from 0 to 9 and varied signifi cantly among accessions (Table 1) . In fi eld trials in Missouri and Illinois, 84 accessions did not develop symptoms of FLS (Table 1) . Of these, nine were susceptible to C. sojina in Tennessee. The nine lines resistant to race 11 in Missouri and Illinois but susceptible in Tennessee were MG III lines PI 567775A, PI 398395, PI 407933, PI 408105A, PI 416852, and PI 424319; MG IV lines PI 437679 and PI 567636; and MG V line PI 508294 . The remaining 75 were tested for Rcs3. The noninoculated border plants did not show any frogeye leaf symptoms, and the inoculated section of the border rows had a FLS score of 8.0 suggesting that all lesions on test lines were due to infection from inoculum. The reaction of diff erentials to C. sojina inoculum was consistent with race 11 described by Mian et al. (2008b) . The methods used to inoculate fi eld grown accessions including sprinkle irrigation immediately before inoculation resulted in severe symptoms on susceptible accessions and similar results between years and locations. Diff erences in symptom severity may have varied between years and locations if the disease severity ratings were collected four or more weeks after inoculation due to secondary spread of inoculum and diff erences in weather impact on secondary disease development between sites and years.
Of the total 290 accessions 60 accessions within MG III (21%) had a score > 5. The 11 Williams isolines with resistant alleles at Rps1, Rps2, Rps3, and Rps7 had scores between 2.4 and 4.1, while the isoline cultivar Wayne with Rps1 had a score of 1.7. The accessions with the 12 Rps isolines were not any more or less susceptible than the other accessions. There were six accessions within the soybean cyst nematode (SCN)-resistant accessions that were also resistant to FLS.
There were more than 10 accessions from each of the large regions of China (308), Japan (76), Korea (74), Russia (11), and Europe (12). There were accessions without infection from each region. The lowest mean disease scores were from Japan (1.6) and Korea (1.7). Russia had the fewest number of accessions but the highest mean score at 3.8. The most accessions tested were from China with a mean score of 3.2. There were 33 provinces or regions within China (15), Korea (eight), Russia (two), and Japan (seven) that were represented by fi ve or more accessions. There were seven provinces with mean scores greater than 4.0 (Table 2) . The others were provinces in northern China (Gansu, Xinjiang, Nei Monggol, Shanxi, and Ningxia) or eastern Russia (Primorye). There were seven provinces or regions with mean scores of less than 1.2 (Table 2) . Four of these were from the South Korea (Gangwon-do, Chungcheongnamdo, Jeonllabuk-do, and Gyeongsangbuk-do). Ten accessions were evaluated from Gyeongsangbuk-do and had a mean score of 0.05. The others with very low mean scores were Fujian in southern China and the island of Kyushu and the region of Kinki, both in southern Japan. Although there seem to be geographical patterns for the origin of resistance to FLS, 20 of the 33 provinces or regions produced accessions without infection. These ranged from as far north as Heilongjiang, China, Krasnodar, Russia, and Hokkaido, Japan, to as far south as Fujian, China, Kyushu, Japan, and Gyeongsangnam-do, South Korea ( Table 2) .
The average score for the entries from the provinces with higher average rain fall was 1.6 whereas the average disease score from the provinces considered to have less rainfall was 4.3 and no accession from dry provinces had a FLS of 0.0 (Table 2) .
Marker Assisted Selection
Of the 75 soybean accessions subjected to marker analysis for testing the likelihood of the presence of the Rcs3 allele, PI437726, PI 438302B, and PI 494851 had the Rcs3 haplotype of the cultivar Davis, the source of Rcs3 for all fi ve markers (Table 3) . For fi ve more lines, four of the fi ve markers matched the haplotype of Davis, but in each case the marker not matching the Davis haplotype was one of the two markers closest to the Rcs3 gene. The Rcs3 is predicted to be located between AZ573CA150 and Satt-244 (Missaoui et al., 2007b;  Table 3 ). Remaining lines matched the Rcs3 haplotype of susceptible Blackhawk or had at least three of the fi ve markers matching the haplotype of Blackhawk (data not shown). Although fewer than 10% of the accessions tested were later than MG IV, the three lines with the Rcs3 haplotype of the cultivar Davis were in MG V and VI. They were introduced from China, Korea, and Zambia so there is no similarity in origin. The remaining accessions did not fi t the haplotype of Davis (data not shown). Wright-Rcs3, a near isogenic line that was developed by 
DISCUSSION
Screening in the fi eld and/or greenhouse has been the only method available until recently for evaluating accessions for reaction to C. sojina. There are many disadvantages to fi eld screening such as the impact of weather on the results, the time required, and the diffi culties of inoculating with one race or multiple races or relying on natural inoculum. The average score for the entries from the provinces with a wet climate was much lower than the average disease score from the provinces considered to have less rainfall, indicating that resistance to FLS is more likely to develop in moist climates.
The haplotypes of soybean accessions established with the fi ve molecular markers that are tightly linked to the Rcs3 allele should be a reliable predictor regarding which of these accessions may carry the allele. The exact match of the haplotype of the three accessions with that of Davis indicates a high probability that these accessions carry the Rcs3 allele. Three markers (AZ573CA150, AQ455GA396, and AQ166AG280) were close to the gene and located in a region of high linkage disequilibrium (Missaoui et al., 2007a) . These three markers can be confi dently used as a haplotype tag for the Rcs3 allele. The same study reported that this three-marker haplotype of all cultivars known to carry the Rcs3 allele matched with the corresponding haplotype of Davis. In the current study, we have used these three markers in conjunction with two additional markers-Satt244 and SNP CC957AG730-that are also closely linked to the locus. Thus, we predict that the three accessions showing the exact marker haplotype of Davis for Rcs3 in this study carry the Rcs3 allele for FLS resistance. This is the fi rst report on the Davis Rcs3 haplotype in accessions PI 437726, PI 438302B, and PI 494851. Also, PI594208, PI592980, PI593972, PI424137B, and PI561319A had four of the fi ve markers matching the Rcs3 haplotype of Davis. If the allele in these accessions can be confi rmed as Rcs3, using the phenotype assay suggested by Mian et al. (2008a) would confi rm the usefulness of using marker haplotype to search for new diversity. Accessions that were resistant in these fi eld screenings without the Rcs3 haplotype may be very useful and need to be further characterized to determine if they carry novel resistance genes for resistance to C. sojina. The patterns of resistance found among the accessions screened can be used as guides in selecting additional accessions for identifying additional sources of resistance to FLS.
